The commercial PowerPlex® Fusion kit is an autosomal STR multiplex kit that has high discrimination power and is more informative in forensic, paternity and relationship-testing cases. Key features of this multiplex system are the possibility to direct amplify FTA™ card punches as well as non-FTA cards and commonly used swabs; optimised inhibitor tolerance and high sensitivity generating full profiles from as little as 100 pg of human DNA.
Introduction
Forensic DNA typing is constantly evolving and new commercial STR kits have been released with increased number of loci, improving the discrimination capacity of the kits. PowerPlex ® Fusion kit allows simultaneous amplification of 22 autosomal STR loci using extracted DNA or FTA™ punches, generating profiles suitable for comparison with databases like the expanded CODIS or European Standard Set (ESS) requirements. The system has some key features like the inclusion of DYS391, which serves as an additional gender confirmation marker catering for individuals exhibiting Amelogenin deletion and an expanded STR loci panel improving genotyping accuracy and efficiency [1, 2] . Furthermore, nine loci yielding PCR products under 220 bp are integrated into the PowerPlex ® Fusion kit ensuring a higher success rate with degraded casework samples. Sensitivity of the kit is able to meet the challenges of low template DNA samples as it can reliably generate full profiles from as little as 100 pg of human DNA (https://ita.promega.com/resources/webinars/worldwide/archive/powerplex-fusion-system-
overview-and-developmental-validation-preliminary-summary/). Electrophoresis
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FTA™ cards have become a standard substrate for collection of DNA samples. DNA profiles generated from FTA TM card punches usually produce higher peak heights, and proved better than extracted DNA in an EDTA titration study displaying a higher allele call rate even in the presence of inhibitors [1] . The gold standard to avoid PCR inhibition is to purify DNA from the sample, but for FTA TM card punches this is unavoidable to some extent as they are directly amplified or are washed and amplified. In body fluids like blood, polypeptides, haemoglobin and lactoferrin have been identified as PCR inhibitors which interact with DNA polymerase blocking its activity [1] . Proven methods to overcome inhibition are increasing the amount of DNA polymerase, adding amplification facilitators such as Bovine Serum Albumin (BSA) or filtering or diluting the DNA extract [2] . Due to the nature of FTA TM card, reducing the punch size would result in DNA template dilution in the PCR reaction and the advantage would be conservation of the sample. However, a reduction of the PCR reaction volume poses some challenges as the kinetics of the reaction lead to stochastic effects due to enhanced sensitivity [3, 4] . Conversely, the increased sensitivity of the reduced volume reaction can enhance the interpretation of DNA mixtures favouring the detection of peaks from the minor contributor [3, 5] . Reduced volume PCR for the STR multiplex kits used for forensic purposes has been employed with normal and fast PCR protocols/different enzymes with positive results [6, 7] .
The main advantage being the ability to amplify low template samples shown through sensitivity studies. However, the PCR optimisation needs to be carefully carried out so that PCR artefacts do not compromise the results.
The aim of this study was to optimise a reduced volume PCR reaction for the PowerPlex ® Fusion kit in order to increase the analytical sensitivity while decreasing sample consumption. Performance variables crucial in determining the reliability and reproducibility of an optimised assay such as FTA ™ punch sizes, reduced reaction volumes, and FTA ™ purification reagent, were tested, and statistically analysed.
The population samples from Brunei Malay and Chinese were then analysed using optimised conditions and evaluated, to establish population databases. All work was conducted at the Forensic This article is protected by copyright. All rights reserved. 
Material and Methods

PCR optimisation study
The influence of FTA ™ punch sizes, reduced reaction volumes, and FTA ™ purification reagent (Whatman, Maidstone, UK) on PCR was assessed using FTA ™ punches of 0.5 or 1.2 mm taken blood stained FTA ™ Micro Card (GE Healthcare, Buckinghamshire, UK), from 8 donors (2 males and 6 females). DNA samples from these donors were amplified in triplicate for establishing the genotypes.
All replicate punches were made within a few mm area preventing intra-sample variation. The punch was cleaned by punching a fresh FTA ™ card twice in between punching different samples. Ethical approval for conducting the study was granted by the Department of Scientific Services, Ministry of Health in Brunei Darussalam and University of Central Lancashire.
FTA ™ punch size study
According to manufacturer's protocol a 1.2 mm FTA ™ punch contains about 5-20 ng of DNA, whereas a 0.5 mm punch would yield approximately 2-8 ng [4] . These were used to evaluate the impact of the reduced amount of input DNA in terms of sensitivity, fluorescence intensity, and STR peak morphology [8] . Allelic ladders and positive/negative controls were verified against manufacturer's data to determine PCR efficiency, null alleles and artefacts such as stutters, split peaks, microvariants, tri-allelic patterns, spikes, and mutations [8] .
Reaction volume study
An equivalent amount of input DNA was amplified in a final volume of 12.5 and 6.25 μL to determine PCR sensitivity, profile accuracy/quality and stochastic effects of reduced volume reactions.
Triplicate PCRs were prepared for this study including the positive and negative controls.
Purification study
A batch of the 10 FTA ™ punches (0.5 mm) were washed thrice with 200 μl of FTA™ purification reagent (Whatman, Maidstone, UK) and twice in 200 μl of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). They were then dried on a hot block at 72°C for 3 minutes. 
Population samples collection
Statistical analysis
Optimisation study
The STR profile quality was evaluated following the routine protocol employed at the Department of Scientific Services, Ministry of Health of Brunei Darussalam [9] . Furthermore, the average peak heights for each locus, the mean heterozygote peak height ratios, and the percentage of the known DNA profile detected were measured for all the variables considered in the optimisation study [10] .
Limit of detection (LOD) and limit of quantification (LOQ)
Data from 50 negative amplification controls were pooled to assess baseline noise in order to calculate the LOD and LOQ. The peak amplitude threshold of the GeneMapper ® ID-X software analysis method was adjusted to 1 relative fluorescent unit (RFU) to capture all data points, and the analysis range was modified to correspond to the expected range of fragment sizes (75-475bp). Peak heights attributed to spikes were removed from the data set, and the remaining data exported to a Microsoft ® Excel spreadsheet to calculate the average RFU values as well as the standard deviation values of peak heights for each dye. LOD threshold was set to the average noise of the negative controls plus 3 standard deviations, and LOQ was set at 10 standard deviations.
Population study
AmpFℓSTR ® Identifiler kit (unpublished data) results from 203 Malay and 198 Chinese samples which were previously genotyped using the kit, were used to perform a concordance check of genotypes.
For any observed discrepancy a re-amplification was performed to confirm it. Brunei Chinese were compared with previously published allele frequencies from Singapore and Malaysia Chinese, Hong Kong Chinese, Taiwanese, Koreans and Japanese [13, 16, 17, 18, 19] .
Results
Profile quality assessment
FTA ™ punch size study
The 0.5 and 1.2 mm FTA ™ punches from four samples were amplified in a final volume of 6.25 μL at 26 PCR cycles (Supplemental Fig. 1 ). All loci showed balanced heterozygote peaks in the replicates though differences in peak heights across the four samples were observed (Supplemental Table 1 ).
One of the two 0.5 mm punches showed dropouts at TPOX and D22S1045 loci, as well as low peak heights at the D19S433 and FGA loci (Supplemental Fig. 2 ).
Reaction volume study
Reducing reaction volumes to half (12.5 μL) or to a quarter (6.25 μL) produced EPGs with higher peak intensities (Supplemental Fig. 3 ), and peak height balance was maintained in all the samples (Supplemental Table 2 ).
Purification study
Purified samples showed a better balance of peak heights compared to all the other tested conditions (Supplemental Table 3 and 4), and samples exhibited higher peak intensities (Supplemental Fig. 4 ).
Average peak heights
Peak heights for each locus were averaged between samples for two punch sizes (0.5 and 1.2 mm) and both 6.25 and 12.5 µl PCR amplifications (Supplemental Table 4 ).
Peak height ratio
Profiles generated from 0.5 and 1.2 mm punches, in different PCR reaction volumes for un purified punches and purified with the FTA ™ purification reagent, were used to calculate the peak height ratio (PHR) between sister alleles. Mean PHRs with standard error are reported in Supplemental Table 5 .
Percentage of the known DNA profile detected
Full, concordant profiles were obtained from most of the samples assigning 100% of the expected alleles for all the variables tested (see concordance section for details).
Additional DNA samples
Balanced peaks were observed across loci for all the eight samples analysed in triplicate, except for one sample which failed to amplify once. Loci affected by low peak heights were D10S1248, Electrophoresis
D13S317, D2S1338, CSF1PO, TPOX, D22S1045, D19S433, FGA plus the Y-chromosome marker DYS391; stutters, spikes, and microvariant were the observed artefacts. Except locus D2S1358 where the minus 4 stutter was noted at approx 10 RFU of the corresponding allelic peak; all other loci had minus 4 stutter below 10% of the allelic peak (data not shown). In 3 amplifications reactions dropouts occurred at TPOX, D22S1045, and D10S1248 loci. We attributed this to less number of cells deposited on the FTA paper rather than the technique.
Average peak height spanned from 213 RFU at DYS391 to 4410 RFU at the amelogenin locus, while the highest value of mean peak height ratio was 98.7% for the D5S818 marker reducing to 27.2% for TH01. Finally, all the profiles showed a 100% allele-calling consistency across the three replicates.
LOD and LOQ baseline calculations
Values for LOD and LOQ calculated from amplification of 50 negative samples (Supplemental Table   6 ).
Population study
Concordance
The concordance rate for the Brunei Darussalam Malay and Chinese datasets for Identifiler and Fusion kits were 99.94% and 99.98% respectively (Supplemental Table 7 ). Five discordant calls occurred at loci D16S539, D8S1179 and D21S11 within four Malay samples and one Chinese sample (Supplemental Table 8 ). Discrepancies observed at D16S539 and D8S1179 loci were probably due to PCR primer position differences causing the large-allele drop out. This article is protected by copyright. All rights reserved.
Allele frequencies
Allele frequencies and forensic parameters for all the loci included in the PowerPlex ® Fusion multiplex kit were calculated for the Brunei Darussalam Malay (Table 1) and Chinese (Table 2) separately, and as one population (Table 3) .
The 
Discussion
Reducing total PCR volume of commercial kits can help increase detection limits, sensitivity, and reduce sample consumption which is crucial for Forensic DNA laboratories. However, altering manufacturer's recommended protocols requires optimisation in order to generate robust and This article is protected by copyright. All rights reserved.
acceptable results in terms of signal intensity and heterozygote balance. In DNA profiling, different parameters can be altered to find out the best conditions resulting in an optimal performance. In this study we choose to use the manufacturer's recommended PCR conditions and tested reduced volume PCR. Furthermore, the influence of FTA ™ punch sizes and use of FTA ™ purification reagent were evaluated for amplification of FTA™ punches using PowerPlex ® Fusion kit.
Reduction of FTA ™ punch sizes from 1.2 to 0.5 mm was challenging due to static forces causing punches to jump out into another tube or well, requiring re-punching. Moreover, pipetting represented a critical factor as small punches could be sucked into the tip when performing washes with FTA ™ purification reagent. Generally 0.5 mm punches gave better intensity peaks than 1.2 mm punches probably due to less amount of inhibitors competing with PCR products.
The peak intensities when using 0.5 mm punches were around 3000 RFU in height indicating efficient PCR amplification. Low peaks observed at the DYS391 locus were expected and previously described [2] . Some other markers showed low signal intensity (Supplemental Table 2 ). Most of these markers were located in the mid molecular weight region of the PowerPlex ® Fusion panel:
D10S1248 (250-300bp), D13S317 (300-350bp), D2S1338 (225-300bp), CFS1PO (320-350bp), D19S433
(200-250bp) and FGA (270-410bp) [1] . The minimum and maximum average peak heights were higher for 1.2 mm punch samples than the 0.5 mm, conversely, the minimum PHR of the 1.2 mm punches was lower than that of 0.5 mm punches spanning from 64.8% to 98.1%. The profiles generated from both punch sizes were correctly called for all the samples with two dropouts occurring at TPOX and D22S1045 loci in two samples.
The reduced volume of 6.25 μL PCR reaction yielded the highest minimum and maximum average peak heights. Also PHR was not affected by PCR volume as comparable average values for 6.25 μL and 12.5 μL reactions were observed. Furthermore, testing of additional samples in triplicates allowed to test the reliability of the 6.25 μL reaction and all but three amplifications showed full profiles. Amplification of 0.5 mm size punches allowed also to calculate the LOD and LOQ values demonstrating the high sensitivity of the PowerPlex ® Fusion system. This article is protected by copyright. All rights reserved.
Washing the 0.5 mm punches with the FTA™ purification reagent prior to the 6.25/12.5 μL PCR resulted in higher signal intensity and a better PHR.
Concordance evaluations for the PowerPlex ® Fusion kit had highlighted a severely imbalanced allele 9 at D16S539 before and this was corrected in the developmental validation study of the PowerPlex ® Fusion system [1], however our results showed that it still existed. A severe imbalance was also observed at D8S1179 locus which might be due to sequence differences of the different primer set used in the two kits. The microvariant allele 30.3 at D21S11 locus was correctly assigned using the PowerPlex ® Fusion system demonstrating an increased genotyping accuracy. However, sequencing of the discordant samples might help to determine the nature of the discordances.
In this study population databases for Brunei Malay and Chinese, as well as the combined allele Overall, the forensic parameters indicated quite an enhanced utility of the PowerPlex ® Fusion kit for forensic evidence analysis and paternity testing in Brunei Malay and Chinese. Since AMOVA results indicated no significant genetic variation between Brunei Malay and Chinese, the combined allele frequencies of these two ethnic groups can be used to calculate match probability. Japanese the two groups most distant from Brunei population among the populations studied here.
Geographically, Japan and Korea are very distant from Brunei and the genetic dissimilarity is well accepted.
The authors have declared no conflict of interest.
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